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Ab•tract downstream facing step into i dump comnbustor.i For
example, in tle dump combustor, nonstandard inlet

Active combustion control has received increasing duct cross-sections were used to control the genera-
attention for the suppression of pressure oscillations tion and breakdown of large-scale structures, which
and the extension of flamnmability limits in dump play a critical role in driving pressure oscillations and
combustors and premixed combustors with flame- determining the flammability limits.
holders. In order to accelerate progress in this emerg-
ing area, a research program was initiated to improve In active control, actuators are used to modify the
the physical understanding of combustion dynamics, pressure field in the system and modulate the air or
develop new actuators, and explore new control fuel supply to suppress combustion oscillations.
strategies. This paper describes progress made in the Typically, a feedback control loop is used to drive an

strat .The roer o eshrear-low amiC in cmu actuator using the processed output from a sensorprogram. The role of shear-flow dynamics in combus- which moni'ors the flame characteristics or pressure
tion control through experiments and numerical large- oscillations. iCifferent active control schemes have
eddy simulation has been clarified, New actuators to been tested and resulted in suppression of pressure
manipulate the shear layer and increase ac oustic level oscillations and extension of flanmnability limits in
by utilizing periodic chemical energy relei se have laboratory combustors with heat release rates up to
been demonstrated. New control strategies based on 250 kW, in operation at ambient pressure and with
neural network, adaptive filter, and modern control gaseous fuels. An extensive review of recent active
synthesis procedures have been implementc 1. control work has been recently done by McManus. 2

I. Introduction In 1987, the US Office of Naval Research (ONR)
initiated a research program to explore active corn-The suppression of combustion induced pressure bustion control in dump combustors and premixed

oscillations and the extension of flammability limits combustors with flameholders (Figure 1). Specific
are a major challenge in the design and development goals included extending the demonstration of control
of high performance combustors. In the past, passive with gaseous fuels to liquid fuels; control of a com-
techniques have been used to control the combustion bustor at significant energy release rates (greater than
characteristics. In recent years, active combustion 1 MW); and explore the utility of control at higher
control has received increasing attention- combustor pressure. The overall approach to obtain

control authority at these more practical operationalPassive control has historically involved modifi- -conditions has been to apply the physical understand-
cation to the fuel injection distribution pattern and ing of the shear-layer and combustion dynamics to
changes to the combustor geometry. Thliese modifica- guide the development of new actuators and appro-
tions are often done during the test phase of a devel- priate control theory. The active manipulation of the
opment program, and a-c hased on the engineer's prior reacting shear layer downstream of the dump or
experience rather than a dttailed physical understand- behind bluff bodies was examined as a possible can-
ing of the complex L{ll,' ;i12 pZ.CCs5. Mocre didate for control of the combustion dynamics.
recently, passive CT, It II I',' wc sti Tharacter- Experiments in flames and laboratory combustors
i:,tics has been aaniv, ii, utilwc ill u&dernlnifing using advanced diagnostics, combined with numerical
o)t the shear-flow (r . t'hin,:'lI~t-b,, large-eddy simulations (LES) are being used. In the
It:hmeholdlers 4,f a c' m,:ntr.ar a tia' combustor experiments, novel actuators are being

explored to actively control the shear-flow develop-
fent and allea w operation at elevated pressures. For

rvc .feedback co ant rol, stindard ad edvanced control tech-
A,- - " . n •'u: are hcng explored, including modern control

1 C'," ,l of the Acronauti, .a ',, ,, crie,. " ?1-25 Septem elr 1992. Ilt'jin,.



5~~nthcsjs~ Ioek I I 'i I ic s i,ý 1i._ ,o Ai 11et- approach, advancce d(liaciw'1ticS weic al~so apphu A to
works. In thO() R ror", H1stud:Asnr e Study (1he1 effect of active co~nrti on thc shear-floJ
used, Innh I d [IC reSp11i'lC [ICS5UIC atid comibustion dynamnics. l:Iwure 2 shows bo~th illve
tralSlsliŽce rs, 11crrh lcs' wu- CI I Cri issI01n senlsors; changing shear-flow dynainics and picssure Sicnii

a ducted flamie during thie transition fromn tncontrolle!d
(a OUkiP C').jUST~'ýI VW;lt GýAINVHA5I. .5F T CCONTROL to closed-loop control Operation. 5 D~uring the uncon-

r UE AAL PIAý,- LTERtrol-Iled (unstable) state, high aniplitude pressure oscrl -
ACTATO -AM P~A5~hLT ~lations inl the duct are as-sociated with tie developmenit

- J~~C~UH of large-scale vortices at the burner lip as visualized
by a C1 I emission imaging sysitem. To control the

S-<flamne stability, the acoustic signial wapikdtpba
mnicrophone, rime-delayed, fiiid as phiced, upi by a
back to activate an acoustic driver which modulated~ -~--~----------------I~ the air/fuel mixture. As seen inll ue2 tesprs
ssion of the oscillations is clearl%, associated with

Pýý MIEDCOMA.51 ýIWITH AKAII)LD Rpreventing the development of cohictiet struciute 1.
PCeR ULL -NjECflo)N

F UE~ L.. 
4 2

IIGURL 1. Dam2ý Cc'nýibustor and Pr..mxed. Corn -

bustor with Flamieholdeýr lAc tive Comnbusion01
Control Experimenits.

TIhis paper presenits the- progress to date made bv
several investigators in the ONIZ program.
Participants in the Active Control Program include 4,
Ban-on Associates, hic.. Svtnrardsville, Virginia;
California Institute of Technology. Pasadena,

&diorna;General Electric Cor-porate Research and
Developlment, Schenectaldy, 'New York; Imperial
Cotl-c c of Scienice Technologyv and Medicine,
London, Fngflanci: Naval Air Wýarfare Center Weapons t~) iO..
D~i%'ision, Chinia Like, California; Naval Command,
Contmrol 'and Oceuin Sur ejilarice Ceniter, San Diego, ....... I
Califorl,1 ni ah;1~za .Inc.. Kent, Washington;
Staniford ( tnliversitv, Stanford, California. In the fol- FIGURE 2. Flamne Dynamics and Pressure Sienral
lowing sections of the paper, progress in the following During Transition for Uncontrolledl to Contrcli A1
areas is rved:(I ) phiysical understanding of the Operation using Gali-Ffime-Delay Controller.

coihotilidynmis. deelopment and testing of
TCnetps of aetunayirs, :13 im:-plemientation of novel Open-loop control inl the ducted flamie was tot-
feedbac-k Control tz'chn:qieCS. ,nd (4) demonIstratiOn Of tialfly used to enhance flamec stability and evtende

acti. ec nu st nico~ I n cmbusorsup 1 I~w flammability limits, by forcing the flame at hge
II. h!\ j (,ofrle- it'4 mhsonlyaic harmonics of the pressture oscillations to disr-u~t,

1)ýJajjiý development of large-scale structures and generaite

(oiiiuin U i rt1:are closely related to) small-scale vortices. Based onl this shear lavertrcn
deIal(t ii (\ -it w~ Inl dum11p Colllb'ns" near the Kel vin-IHelinholtz instability frequency,, the

IM', . to '1 NA!'11l11- k I itý,M temtS uch as I'ha11i closed -loop amplitude modulation controller wa-.
111 'h' 1  

, ' h~nstability depenId on1 the developed to control initiation of reactn~ toIn time,
.11 * inllldin thir-i break- flaimett

lOLL 0 '1' 1*" AltI ch i mu-kl" ith -h ea

~1t ~me m~iiip. ~*t -;-'Ilic critical role Mot a .\ia-flmoI. (l'It1is -a -
()I *I ' w sha l 

0 b'. inl the flamec experiments wvas us"ed t`I 'eumdtc 'I1"
m. v. I!;:- Iwtlut thilmi d' control stirdies in a I2 ?.-cmi diatmict 'dumlp ci

<miii. 1-: 1[-, I iif with a nrominal heat releýase, rate of'_ fW nU-
a. lit a .su.'k):11hiustoir. tlie critic:al tole of latrec.-1 -1e1 ii

'I~~l"pic"Slllte oscilki~tiotis hxve boN pr'11

iatn cil tiitie %%ai!,\ kl111.t'o Mha nsl .- 1'!



Injection Wvas donec thr1ough1 an or Itice M~~ea the .)l~iii

dump~j fFio' 3) 7 Willh this dJesien) thle shear layer
which separates from thle oit ice, Is thirIrre hnIll (hle
standard dump comlbustor and is thlereikcre_ iure sus-
cept~ible to excitation (eorrespondingý to h:ghter aripli
lica~lon rates). Aliso, thle fuel is injected Jr rectl Illit
thle shear11 layer Such thiat fuel F110,1L]1itiO?-ý ar: 1111te
likelyN to affect the COtuhustion pr'oceSS hrl StIIItlauc
"com1hutrsrlo tests, thle effectiveness of taniýlpu lating -,

the shear Laver w~it ''fuel" ruodulariioti was (Mloriti-
strated.s Inl these nonlreactinoL expet ilm.'Iits, a~ouslrc tn ACTIVE: CII Iu i vult WIT H~'D~YPLr)~iu J~

for-cine oh the inlet-duct flow was nls'd to S1Iurri hat
combustion OScillationjs Is it r,,StLtI '''rnt\&ttt:Ce>- -.-

were shed from the dump11 a.S inld r -in.d h" a pe 'dk ill the F'FW.oFq
"velOCity specrum1 anld flow ViSU311Ziti0' umline. \i '"-----___. = -

scattermno - All acoustiC aiCttuat r %', Is th-'l 1_ useI t
modulate "'fuel'' jets at the phase-shitt'' ursai thlllt3.IR 1.t elýd Simulation )ii Icrt~'2
frequenicy. WXith proper phase adjISt11,C:,t (Ith aCtie and Actively Cotntrolled Combustroni Dyrmnarn. ust
control was able to disrupt penOdic vor-L-x lhdici n eat Pulsed Secondary F'uel Injection-
the dlump, indicated by eliminasttotn of ~ velocitv
peak- in the spectrutm. Additional inslight into the effect iveness of actrve

control onl slicar-fluw dyn-ramics %,~ is 'airled fromn
expenments wi th a premixed, t\odtcs r)cr

riu3(- COQMSUSTKA4 ACIUATCn, VOL; iI7,1 bUStor t2 Results of these experime.nts will bv

cussed in the folflowirlg section relate-d to ve

Th'le physical understandineL ( f the coIIn uS11,;:1
/ (dynamics Provided by the previously described work

Swas critical for piac,ýeriet and choice of actuatir-s to
2FUEL , optrimize control authority. Actuators exploree' inl the,

£ resew roicafit wil b1t'e de'scribied in the Ioh owý rt £'

Several different typ~es Of lCtua.tor"S weeused
FIGUtRE 3 Schemtat ic of I ' (rearlier active control experiments. TIhese included
With PuLSed1-('nrhtlstlion ' A t :couiitst I () loudspeakers to nmokify the pressure field of the,
Fuel Modullation system 13 or to Obtain gaseous fuel flowmou t on

()pulsed gas jets, alieitied across a rears\ arlift
IM"' treeedd ini1eta t' I i'. 1r step.t 5 (3) admrstablel Inlets I-or timc-val' e''ir 'c

trtar . ~ riC'.lni psi~k rir i thre Inlet area" of iiriuro.i anld ()sl
es. Ar I .11i .irrrtart ~fuel injr'ctor.-. fur controlled untea~dy ddtr

*tt\l tire sentlphys'ics of Co "(s'' ts sconldary tucl ItiO tile malinl cobTIINriTIn 1011n

ti' ld acir~ttsn . viirticitv, arV c'' ''' Several jew\ tvpý.'s ot actuators weB. t \plorc mt
l~t ''thisr n ''assurriratei~t '' itthre ONR pr'ar'Vhiir desupi and~i perlorm'' *e .ý;e

ti~~~~~''I duiell colalI_1,kt 43 Ick "tee. '

r



addition, of Sp~r jsc f'olcm're- i d III lc.!.rccd pzc- ~ I t'(!L I Id rad l IvI' Ito kIt IC peI) I(f ItIII C dC)I, LI

sure osci~llations5 by producliq, aI periodic cross-stie.-mi L10SN'11 Of thei. lUitif-lINdy flairlioe v.i 11h1 1tI1-
flowV pe orhat Ib1n1 to the nrCt bOIldý11v 1Ia yer through 1,1 see(iicidarv fuel added to) a secondary a irsireamr whir. I
slot which spanned the. entr i l"L .1 i A Io i- was Injected either radially or- axially t.11,th duct.
speaker was uti lized as a forcing Lrielement I'he control Injection of tlie oscillated fuel alone Into the dc
of eniergYv release and comb)Iustio instab1ility was a someltimes~t led to early blowoill Tlhe oscillation )I the
function of jet momrenitumn, speakecr voltaiuc anid fre- secondary fuel was proport oional to the aml-plitude of
quency. whlich mrakes this tochluP 'u- an etffective Lictu- tire needle -valve oscillation, hut was '.ubject Io
ator for active control as describe~d latelt I-,r this damping by at factor of order 5 due 10 the, effects l
comibineud control technlique, the efIfect of forc Iin on diffusion and convection in the feed lines. Also phas-e
thIe, Flame structu res mnay be seenl frlom Slt r and amplitude, of fuel Oscillations we~re di fficulIt to
imnaoes In Fioure, 6. With spatiw"I o and t eawie quantify for closed -loop active conot i, iiit particrilla
forcimn, (Figure 6d), the flanie is highily thrcte dimenl- frreunIesaoe20I, eetees ucs

sioia an rveas he reenc ~ sna I-scl etcs ful suppression of combustion oscillati e a
In- the, experiments sliov. n in F icure 0r, tlie' \ olcex obtained as discussed later. Gaseous fuel modu11.1,110T
generating jets were, rplCf)Ied h\ delt-a-wine1 vortex by loudspeakei was also explored in the 12.5-cm

cc n rato s.dumnp comnbu;,or. 7 Acoustic mioduflations were suiper-
~Wk~PA ~imposed on the fuel streamn through four tubes which

C OUp-'E R-RO TA TING mF.CL~O ere connected to 75 W acoustic dIrivers (Figure, 1)

For liquid fuels, a Moog ser-vo-valve was modi fie
to obtain highi-speed fulC-inijector actuatin u o2
11z. 19 TO obtain the high frequency response, a I,;-
cess controller with dynamnic signal analyzer wvas used
for closed-loop servo-valve control (Figoure 7)_ 'lle
valvo was tested in a premnixed combustor with the

ýDGL flamne stabilized behind a standard V -gutter flamec-
"'i 0 IF xholder and a systemn with improved flameholding
GENEATORusing a swirler. With the swirler, the reaction zone

FI-O JETSwas shortened by a factor of about 4. For the V-gutter
DIRECT10Nflameiholder, an unsatisfactory correlation betwe-en the

FIG;URE 5. Combinatiron of Streamwý-ise an fuel oscillation pressure Pf:-j:IJF downstreamn of the
Spanwvi',e Vortx Gcneratn-ir> In Pi crinied. Two- valve and the chamber pressure PC,,,.,,I domnstream

DintirsinalDumptirnhusor.of the flameholder was obtained. With the swirl
flameiholder. the correlation was significantly

NATUAL ASEimproved (Figoure 8).

b.SPANWVISE FORiCING-

r -'~ cVORTEX GENERATORS Si-

SPANWISE FORCING AND '

dVORTEX GENERATORS <----- -----.... -

H( 11 TF le' . 5tIiS Ia --d FHGtRI: I ReltiLve Flaimc Zoire I erleti to,, S-,% !
e~~r~rptr'. (SiCp andt V Ouirei Flamiehuleo ua" ilse

-ollo ii) ietlileits- :Ae NIlr!trt

a a ri '. . '' - h. 1 01ir :11 tCIll1
V~eri r-'.. r- : i'e~~'.:' tues. [I~dlOIn iliothle atiteiript to a. hlrre' e L .1. tuji i! t.-'

- . ~ iIiitri~tl ie~t~kiri a dti."k- \Ya"rct d a',, part o



disk diagram decreased to an insufficient level for a LA4)1PxitrO)t I
frequency greater than 100 Hz.

1 So-called approximate analysis is used as the theo-...- retical framework to explicitly represent all gas

dynamic processes including sonic nonlinear trenns
.8 V Rwhile accommodating other physical processes by

.modeling.2 2 The analysis is considered general
06 '•,1] because when a specific case of combustion instabili-

o_ tics is considered unsteady heat addition IIeCds to bed0i
modeled in some fashion. In formulating the analysis,

8 . fluctuating value equations are obtained for the flow
0.3 - Ilk variables from the governing equations of fluidCUP "

0 2 motion. Subsequently, a form of Galerkin's method is0., LI 'i~ appied in which the acoustic, modes of the conibus-

tion chamber are used as the basis functions. '"lie
.. .. . governing partial differential equations are finally

FREQUENCY, Hz reduced to a set of second-order ordinary difflrentivd

FIGURE 8. Coherence Between Fuel Prcssure equations written for time-dependent amplitude of the

Modulation and Chamber Pressure Oscillation for corresponding acoustic mode. TIhle approximate anal-
Combustor Configurations Shown in Figure 7. ,'sis was applied to a Rijke tube by incorporating a

model for unsteady heat addition with two parameters.
The most promising actuator was developed using Results and comparison to experimental data are dis-

periodic chemical heat release to increase acoustic cussed later.
power level while maintaining amplitude and phase
control and allowing operation at elevated pressure> Controllers Using ILoop.Shaping Tlechniqi_•
The principle of operation is based on convected
flame kernels in a duct of premixed fuel and air ,hih To extend performance of simple phase-shift con-
produce pressure oscillations due to their energy trollers, a classical approach using a frequency
release (Figure 3).21 To avoid merging of the kernels, domain compensator was undertaken. This digital
the flame speed is smaller than the gas velocity that is controller, which was designed for a ducted premixed
convecting the kernels. The actuator with 70 W flame, consisted of an 8th order Butterworth filter, a
energy input for the spark igni~ion was tested in a: re- second-order notch filter, a first-order lead compen-
quency range of 50-1000 Hz at up to 240 k~la operat- sator. and a gain module. The design procedure is
inz pressure using gaseous ethylene fuel, illustrated in Ref. 23, and its improved perfornance

Enhanced phsic~l unlderstandingo of the c and stability robustness was experimentally
demonstrated.

tion dynanics, combined with novel actuators p; es ae
the potential to obtain active control at higher cIe: The successful implementation of active instabil-
levels. In addition, attempts are being made to f it suppression in complex combustor geometries will
new stabilizing controllers. Progress is describe' . require a multi-frequency controller with the ability to
the following section. suppress closely spaced resonance modes. Controllers

I> this purpose have been designed and applied to the
v'.onto._Rer Pke tube 2 4 using loop shaping I-H_ techniques. By%

Previi~ s wvolrk In active control has) Liu'ilizing a simplified linear model for the acoustic
d•namics and doing system identification measure-

shift/time-doly type controllers (Figure l. Ilic: : inents, a transfer function was approximated, which
lization of active cont rol coricepts in practical c', I wA-,s in satisfactory agreement with the measured
bustion systems reqluire lecdhack ctutri~ siAtraLc.' • tramnfcr function (Figure 9). The loop shaping con-
which are adlptiv' kd -,abe, N -1 111111a ... oIecr design procedure, described in Reference 25.
in: qli.; , t , ,i Sv;. ,rr ii ve'l :apprr :.. : theo n t ised ito dcsikn- a controller for the Riike ",'v

IT . I " ,' ! , 1 itbean ctl .ti ~ I c ,.7rn a:• I :P t,• ,:);e ) I tl , . . - .:
ti- yti aol 01 tor r. tsti i , iiitm hl~iti:. l ;:.",. ,:. .

I, ;lm - !! :' . .. ' l i,- . ' '.•i ,, I ':. s 'ta ' a .: :

- a. ~ I T i ii a -- atI



10 ..........-.... ....................... ... . . .. thesis m ethods have been developed w hich em ploy

~~~~\ ~P )~/~~i~AiP1X[MT information theory to constrain the number of network
nodes to the minimum required for accurate system
identification. A discussion of this concept of poly-
nomial neural networks (PNN) is given in Ref. 27.

10 L .......... 4 The implementation of a cQntroller based on PNN
'02 101 10 is being explored in a premixed combustor with corn-

FREQUENCY, Hz bined strearnwise and spanwise forcing (Figure 5) and

in a dump combustor with acoustic fuel modulation
FIGURE 9 Measured Transfer Function and using the time-delayed pressure oscillation frequency
An:a!yr'!al Approxiimation. (Figure 3).

Kn.~wedg.! Based (.Otiol For the premixed combustor, 2 8 control inputs arc
Sbased control was applied to a duýtct jet-to-cross flow ratio, R, for the strearnwise forcing

Knowledge ased In a appled to ased and speaker voltage, A, and frequency, f, for spanwise
premixed fame as well. In a knowledge based forcing. ese inputs are controlled for ing
controller, the signal from a pressure transducer in tie Tht

combustor was fe- back with constant gain through a equivalence ratio, 0, and inlet velocity, U,. to mini-

bandpass filter to a phase shifting device to drive an mize RMS pressure fluctuation level, P, and maximize

actuator to obtain oscillation suppression. The phase volumetric energy release rate, E, as indicated by CHI

shifter monitored the filtered feedback signal to give a emission. For these interrelated combustor parame-

synthesized sinusoid locked to the feedback with a ters, a response surface was generated from static

switch-selectable phase shift at 256 equal intervals actuator inputs for varying combustor conditions.

between 0 and 360'. Tl-he software-controlled output Subsequently a cost function was defined representa-

voltage (input voltage to the vibrator) could be incre- tive of the desired operating characteristics. Optimum

mented in the ratio 2n/4, where n was any n•teor control is obtained by minimizing the cost function

between 0 and 63. The characteristics of the actuator
determined that their peak-to-peak displacements J = aP2 - b.2
were proportional to the input voltage+w pwhere P and E are the respective response surfaces

The performance of the knowledge based control represented by the neural net:

with variable input to the actuator is compared later to
a controller with constant input. P = f(R, A, f, 0, Uo)

Apti\eFiher E = g(R, A, f, 0, Uo)

An adaptive filter controller was also used on a The weighing coefficients a and b allow shifting the
duteed p~reMixed flame. The adaptive crntroller was a emphasis between minimizing P and maximizing E.
modified adaptive filter, which utilized a digital Figure 10 shows the effect of varying a and constant b
implementation of the Wiener-Hopf least-mean- on the cost function based on actual combustor data
squares algorithm for adaptation. 26 The filter was and neural net predictions. Work is in progress to
nioditied to allovw differencing of the performance and complete training of the neural net and allow on-line

,i.,,t externally "lhe bandpass filtered pressure re-minimization of the cost function by active search
t:""*I.'ds'Cr sianal was aniplif ed to produce the detec- -in control parameter space.
tor 'an:d error signals wvith voltage gains of around 10
(20 (11d; over the t1ltercd signal. For the dump combustor (Figure 11),29 a PNN

controller was used to determine the optimum time-
_ >':..:t.v:: .l!'o::i,,iINurA Networks delay, TD* between pressure oscillations and fuel

modulation to minimize RMS pressure fluctuations,
..- ,n!ihv. t , I onetwvorks for quasistati: poub- IFPAMP and optimize heat release rate (CHi emission)

,tIP, 1. 'Vs fljfit is well establihJ:o.l. at the combustion chamber center, EAVR2. The cost
ý1;,1•11: ti'n t1 1h1W d' aUiii c problems ol svsten function for this controller was defined as follows:

i ':Ss' well known. In1 the
"... t•tI' Supporctd ((I .- I .qp J I ]PANIP + I/!EAVR2

' .' : .' " ".' I .c (1 k C iac lt lItItI,

La'% :hn nll';, ntivl.cdc
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mlultiple Unstable modets. 2 4 As shwnI in Figure 14, allowable gain and phiase-shift margin, probably due a
Suppression Of mlu hi-frequenicy oscillations 'was multiplicity of closely spaced instability modes. Ani
obtained in closed loop operation. improved controller with lead compensator and notch

filter was designed using frequLen cy- response data and
standard design laws, resulting Iin a more robust conl-
troller with a wider gain and phiase margin and

10 improved range of effectiveness. An attenuation of

33 d13 was achieved at the I kWV energy level for the

EXPERMENTkPa.
Premixed Combustor (50 and 100 kW)

~I Several actuators were evaluated iný this pipe corn-

bustor with premixed propane/air stabilized behind a
J bluff body. Only the experiments with secondary fuel

2 injection, modulated by a needle valve, will be dis-
I cussed hiere.lS Two combuszor diameters of 40 mm

10 2 and 80 mm, wihheat release rates of about 50 and
100 kW, were used.

-SIMULATION A simple gainphase-shift controller providing -a
10'4[ constant input amplitude to the needle valve resulted

NONOIMENSIONAL FREQUENCY ini periodic loss of lock between actuator input and
feedback, and limited ateucilation of the 120 liz-

FIGURE 13. Experimentail and Simulated Acoustic quarter wave pressure oscillations to 10 dB (a factor
Modes in Rijke Tube, of 3). A controller with variable input amplitude

(knowledge -based controller) averted loss of lock
- ---- ---- 9--- between actuator input and feedback and improved

106~ - -.-- CLOSED LOOP attenuation of pressure oscillations by 5 dB to 15 dB

103 OPE LOP- -ltte being a factor of 5) (Figure 15..,

S-, -- -- 1/4-WAVE FREQUENCY 120 H,

10-9 -- ---- -- IITHOUT CONTROL
0 3 .--- -.--------
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FIOUIRE' 14-. (ioscd and Open Loop Spectrum4
inl RijzC Tube Usim'_ c ontrollcr With Loop I 20
Shaping IL. Tec&mqetcs o --- '18

Premli-xed C01rnbtistor riA\ I CONSTANT PHASE RELATIVE TO OPTIMUM

1L.xperimnw~its svere conducted in a premixed FIGURE 15. Suppression of Pressure
mctliw-,; I e L~~t :. ib fLmuooldr cnsited Oscillations with Constant and Variable Input

4f a pcrforatzed plate, % with ý( holes and was locatedApiuo oScndr ul cutr
midayiiis~Ic in2mr.Ic -k cobso '1Ihe effectivenless of control inl this type of corn-

xhtiv itd Lire.' e1 ii w cr wave)l ocl atins ped om 76 1 ustor was uint Lte I by the heat release rate.

nantlv11 at '~) i .~ e-,% wave a ond e 760 Att~\enuation of oscillations by up to 15 dB was possi-

(s1Cc m 11 ane( Cl 'd C0 11 to N IT A skeri l was mounted at hic for heat release rates up to 100 kW . Attenuation
,h I Im I ( . im l g i /p a e- dcreased wvith heat release rate to values below 5 dB3
sIhil o'0 cillationis over only I o eat releas gratr ha 160 kW (inte 80-nun

1 IIl.,,ii terllns of t Ital~ i, aegeae

I [ec~~~1%ul ill the effective Pp Ugr )



Preliminary tests with dhe adaptive filter showed limit. The flame blow-out was reduced from an
that this control-was more effective than knowledge- equivalence ratio of 0.72 to 0.54 (Figure 17).32
based control due to effective r'-ocking of the
frequency. A reduction of 20 dB (a factor of 10) of a 2 ___ _______

120 Hz pressure oscillation was obtained. 3t  
5

4_ -_ 4 z-
x ~WITH CONTROL

0 -20 4 AJ

j100 l___
05 06 0.7 08 0.9 0

-L EQUIVALENCE RATIO

0 40 0 12 160FIGURE 17. Extension of Lepan Flammability Limit
HEAT RELEASE RATE, kW by Dual-Mode Active Control Using Gain/rimie-

Delay Controller and Acoustic Fuel Modulation,
FIGURE 16. Influence of Combustor IHeat 500 kW Dump Combustor.
Release on Attenuation.

Dumv ombusor Ior I MW operation at 180 kPa, the peak values
DumpCombstorof a 140 liz instability was reduced by 28% at a phase

angle of about 30 degrees (Figure 18). Thec natural
Active combustion control was tested in the RMS pre~ssure fluctuations was 25.4 kPa or 182 dB3.

12.5-cm diameter combustor for heat release rates uip Higher attenuation is expected when the pulsed
to I MW and combustor pressure up to 180 kPa. combustion actuator (flame kernel) concept will be
Thiree test conditions will be reviewed. (1) For 250 used for direct shear-layer excitation.
and 500 kW operation at nearly ambient pressure,
acoustic drivers modulated the ethylene flow rate at -----

the combustion instability frequency with vary ing
phase shift relative to the instability. (2) For 1 MW T:CRM
operation at 180 kPa, the pulsed-combustion actuator - - --

using 2% of the total mass flow was located inl the ,IbS

inilet duct and operated with a simple gain/phiase-shift -

controller. (3) Preliminary tests were made to evalu- ýF~t PEAKc

ate the neural net controller at 33 kW and ambient
pressure operation with fuel modulation using a `
loudspeaker. I

For 250 kWV and 500 kW operation at arnhibie
pressure, peak amplitude and RMS of the 300 1lit____
instability was suppressed at 40 degrees phase angle. 5: ~ SZ7 ~).
The maximum suppression was 47% of the peak ft&E I

amplitude (5 dB attenuation). The controlled fuol FGR 8 upeso fPa mltd sn
osci'llations also exvendcd the leanl flammtrability IUII 1ia/P .s -Shift Teout of Peand AplitudeConhstisn

limit.7 For sitnilar operational conditions, a (L' 1- p týii~i/o.as-ihiMW lCuntrlern Cm ulstor at 180 k ,tl

feedback control systemn was employed (oto TFý1 1f I Attlo:riix' PrsI M up obsor-. IOk
pressure oscillations (lUring a hi-miodal ont'i
instability. Theli senisor signal was fed back int m3 \\ pri1ol'11ietclilv rsuc
acoustic drivers via two) Separate channels, ý'. i~l Iwa oi,.,n 111,1i"' by up ro 1t5 (11 all,!n ChaIe psIr
different time delays (transfer functions). 'Al:ý*ýl ~ it 1IP .d1 u o1 13a. I
transfer functions, for both channels wecre opt,;ý, tl ;\1 ~~'' tr tuvlneri k

for the suppression of its correspondine, f!!t.l..I N s d -Wsc~eU'~
combined dual-nimic syvstcni was efeciein :1- ,ý,.;:ace itt 1 hure 19;.
sing the bi-modil freqcylII)I an1d dalaveJ ei hl . \............l.h sts h N s::~
level inistabilit5 wot diatkIols a! 'he leanl Ilul,, '2'.inEeue
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